G
ap junction (GJ) channels span the plasma membranes of adjacent cells and are formed by the docking of two hemichannels (connexons) oligomerized from connexin (Cx) proteins, which consist of 21 distinct isoforms (1) . GJ channels formed from a single Cx isoform are called homotypic, whereas those formed between cells expressing different Cx isoforms are called heterotypic. GJs provide a direct pathway for cell-to-cell electrical signaling and metabolic communication, allowing the passage of small ions, amino acids, metabolites, tetraethylammonium and signaling molecules such as cAMP, IP 3 , siRNA and small peptides ((2-5) and reviewed in ref. 6) .
Earlier studies have shown that heterotypic junctions in which a Cx45 is paired with Cx31, Cx40 or Cx43 exhibit a strong voltage-gating asymmetry and modulatable cell-to-cell electric signaling from nearly uni-directional to bidirectional (7) (8) (9) . Cx45 is expressed in a variety of tissues, but most abundantly in cardiovascular and nervous systems (1, 10) . Blood vessels express Cx37, Cx40, Cx43 and Cx45, with the most abundant expression of Cx37 and Cx40 in endothelial cells and Cx43 and Cx45 in smooth muscle cells (11, 12) . Thus, heterotypic GJs containing Cx45 can be formed between smooth muscle cells as well as between smooth muscle and endothelial cells. Furthermore, Cx45 may form junctions with mCx30.2, Cx40 and Cx43 in the heart between cardiomyocytes or cardiomyocytes and fibroblasts (13) , between neurons with mCx30.2 and Cx36 (14) and between astrocytes and neurons with Cx43 (15) . Here, we show that the V j initiated by small voltage steps or high frequency activity on one side of Cx43/Cx45 heterotypic junctions can substantially modulate metabolic communication and that these heterotypic junctions may act as voltage-sensitive regulatory valves for intercellular signaling.
Results
Voltage-Gating and Signaling Asymmetry. We examined voltagegating and cell-to-cell signaling asymmetry using a dual whole cell voltage clamp method as previously described (9) between HeLa cells expressing Cx43 or Cx43-EGFP (cell-1) and those expressing Cx45, Cx45-CFP or Cx45-EGFP (cell-2) and forming heterotypic junctions. Fig. 1A shows a fluorescence image of a HeLaCx43-EGFP/HeLaCx45-CFP cell pair, in which the steadystate conductance (g j ) dependence on transjunctional voltage (V j ), was recorded by applying slow (1 mV/s) V j ramps to Cx43-expressing cell and measuring transjunctional current (I j ) (see Fig. 1B ). The observed g j -V j dependence had a peak of g j at V j Ϸ-25 mV and demonstrated strong V j -gating asymmetry. The reduction of g j at positive V j s is caused by the closure of Cx45 hemichannels that gate at relative negativity on their cytoplasmic side, whereas the reduction in g j for negative V j s result from closure of Cx43 hemichannels that also gate at relative negativity but are less V j sensitive than Cx45 hemichannels (7) . It was proposed that the Ϸ3.5-fold lower conductance of the Cx45 hemichannel causes a higher fraction of V j to drop across it resulting in an enhanced V j -gating sensitivity of the Cx45 hemichannel and reduced V j -gating sensitivity of the Cx43 hemichannel (9, 16) . All 64 Cx43/Cx45 cell pairs examined demonstrated V j -gating asymmetry comparable to that shown in Fig. 1B . Similar V j -gating asymmetry was reported for Cx31/ Cx45 (8) and Cx40/Cx45 (9) junctions.
Earlier, it was shown that V j -gating asymmetry in Cx43/Cx45 junctions can cause asymmetry of electrical signal transfer, which can be effectively modulated by the difference in holding potentials between the cells (⌬V h ) (7). Fig. 1C shows an experiment in which the Cx45-expressing cell (cell-1) was initially voltage clamped to Ϫ12 mV and repeated (5 Hz) 100 ms and 90 mV V j pulses of positive and negative polarity were applied. Evoked coupling potentials were recorded in the Cx43-expressing cell (cell-2) maintained in current clamp mode. Positive pulses were effectively transferred to cell-2, whereas transfer of negative pulses was greatly attenuated. Transfer of negative pulses gradually decreased presumably due to gradual g j decrease. After increases in the V h of cell-1 (from Ϫ12 to 0 and to ϩ12 mV; see red arrows), responses in cell-2 progressively become more symmetric (see Insets 1, 2 and 3 in Fig. 1C) . Therefore, cells demonstrate electrical signal transfer asymmetry, which can be modulated from virtually unidirectional to bidirectional by relatively small changes in ⌬V h . Changes in the duration of the pulses from 5 to 100 ms, while maintaining interpulse interval equal to the duration of the pulse, resulted in similar signal transfer asymmetry that we observed in all 24 Cx43/Cx45 cell pairs examined. A similar phenomenon was reported in amphibian blastomeres exhibiting a small offset in resting potentials (17) .
Dye Transfer Modulation by Transjunctional Voltage. Earlier studies have documented that GJs are permeable to second messengers, such as Ca 2ϩ , cAMP and IP 3 in a Cx type dependent manner (6). Compared with Cx32, Cx43 GJs demonstrate Ϸ15-fold higher permeability for metabolites such as glutamate, glutathione, ADP and AMP, and Ϸ10-fold lesser permeability to adenosine (18) . Ionic forms of all the above-mentioned molecules are comparable in molecular mass and net charge with Alexa Fluor-350 (326 Da, z ϭ Ϫ1) and Lucifer Yellow (443 Da, z ϭ Ϫ2) used in our studies. We did not assess permeability to positively charged dyes because of their strong binding to nucleic acids.
To determine the direct effect of transjuctional electrical field on the cell-to-cell transfer of dye molecules, we performed electrophysiological and f luorescence imaging studies in HeLaCx43-EGFP cell pairs ( Fig. 2A) , which exhibited almost no V j -gating over Ϯ 20 mV V j steps. Cell-1 (Cx43-EGFP) was patched with the pipette containing Alexa Fluor-350 (AF 350 ). After both cells were transferred to whole-cell voltage-clamp mode, fluorescence intensity (FI) of AF 350 in cell-1 and cell-2 approached a steady state. Then CO 2 was applied twice to block GJs. To measure I j and g j , repeated small voltage ramps were applied to cell-1. In between repeated ramps, two series of V j steps of Ϯ 20 mV were applied to cell-1. The amplitude and duration of the steps were too small to induce V j -gating and reduction in g j , whereas FI 2 showed changes due to the direct effect of V j on AF 350 transfer. We and others assumed that when the concentration of dye is Ͻ1 mM, dye concentration (C) is directly proportional to FI, C ϭ k(FI), where k is a constant (19, 20) . The total transjunctional flux (J j ) of dye when both patch pipettes are in the whole-cell recording mode is determined by changes in the fluorescence intensity in cell-2 (⌬FI 2 ) over the time interval (⌬t) and dye leakage to patch pipette-2 so that,
where vol 2 is the volume of cell-2 and P p is the permeability characterizing dye leakage from cell-2 to pipette-2. We assumed that dye concentration in pipette-2 is equal to zero due to its relatively high volume compared with the cell volume. Permeability is determined as the ratio of the flux to the driving force, which involves both the concentration gradient and the electric field for a charged molecule. To calculate the total junctional permeability (P j ) of GJs, we used a modified Goldman-HodgkinKatz (GHK) equation (21) describing electrodiffusion,
where z is the net charge of the dye molecule, F is Faraday's constant, R is the gas constant, T is the absolute temperature, and FI 1 and FI 2 are the fluorescence intensities in cell-1 (dye- donor) and cell-2 (dye-recipient), respectively. P p was calculated from the dynamics of FI 2 decay after g j was blocked by CO 2 or alkanols and using equation P p ϭ Ϫvol 2 (⌬FI 2 /⌬t)/FI 2 . Typically, the decay of FI 2 was close to exponential (see FI 2 traces in Fig.  2B , Fig. 3 and Fig. 6 ). P p depends mainly on the size of the open patch at the very tip of the patch pipette, and in this experiment, P p was Ϸ1.3 ϫ 10 Ϫ11 cm 3 /s. The single channel flux (J ␥ ) or permeability (P ␥ ) can be found by dividing J j or P j by the number of functional channels, N f ϭ g j /␥, where ␥ is the single channel conductance, i.e., J ␥ ϭ J j (␥/g j ) and P ␥ ϭ P j (␥/g j ). See (SI Appendix) for more details about all equations used in this study. In accordance with an earlier report of Verselis et al. (2) the measured value of P j at V j Ϸ0 mV (P j,0 ) would be as follows:
In the experiment shown in Fig. 2B , J ␥ of negatively charged AF 350 (calculated using Eq. 1 divided by N f and normalized with J ␥0 measured just before the first positive V j step, J ␥,norm ) is modulated during V j steps. Fig. 2B shows that positive V j steps caused a Ϸ60% reduction, whereas negative V j steps caused a Ϸ30% increase in J ␥,norm . Despite changes in J ␥,norm , P ␥ (calculated using Eq. 2 divided by N f ) values boxed into gray squares remained constant during V j steps (Fig. 2B ). This suggests that the GHK equation used is applicable to describe permeability through GJs for at least V j s of ϷϮ20 mV. During repeated V j ramps of small amplitude, P ␥ was calculated using Eq. 3 divided by N f . Fig. 2B show that on average P ␥ ϭ 82.6 Ϯ 4.8 ϫ 10
Ϫ15 cm 3 /s (n ϭ 4), which is close to the P ␥ previously reported for Cx43-EGFP (20) . In summary, in all five experiments we obtained data similar to those shown in Fig. 2B demonstrating that dye transfer can be accelerated or decelerated by ionophoresis, whereas P ␥ remains unaffected in the absence of V j -gating.
Dye Transfer Modulation in the Presence of Vj-Gating. Because we showed that Cx43/Cx45 heterotypic junctions exhibit V j -gating and electric cell-to-cell signaling asymmetries (Fig. 1B) , we hypothesized that these asymmetries should cause an asymmetry of J j -V j and P j -V j dependencies. To address this, we examined the effect of V j on dye transfer in HeLa cells forming Cx43/Cx45 heterotypic GJs. Fig. 3 shows an example of combined electrophysiological and fluorescence imaging recordings in a Cx43-EGFP/Cx45-CFP cell pair (see diagram). Initially, the patch was open in cell-2. After opening the patch in cell-1, FI started rising in cell-1 and with slower kinetics in cell-2. Repeated ramps of Ϯ 25 mV were used to measure g j before and after voltage steps of Ϯ 80 mV were applied to cell-2. Initially g j was Ϸ55 nS, but it decayed rapidly after applications of positive voltage steps to Cx43-EGFP cell reaching a steady state at g j ϭ Ϸ5 nS (see g j trace). During negative voltage steps, g j recovered quickly followed by a Ϸ20% decay. These g j changes are in agreement with the V j -gating asymmetry shown in Fig. 1B . CO 2 application for Ϸ2 min induced transient uncoupling. From FI 2 changes shortly after CO 2 application, we found that P p ϭ 3.8⅐10
Ϫ11 cm 3 /s. J j was calculated using Eq. 1 and normalized with J jo measured just before the first positive V j step (see J j,norm trace). During positive V j steps, J j,norm declined to zero even though cells remained coupled with g j ϭ Ϸ5 nS. J j,norm recovered rapidly during voltage steps of negative polarity. The decay of J j,norm to zero during positive V j steps occurred despite the fact that positive voltage applied to the Cx43-EGFP expressing cell should increase the transfer of negatively charged AF 350 molecules, suggesting that positive V j steps drove the channels to a non-permeable substate. During negative V j steps, the slow decrease in J j,norm (see asterisks) is presumably due to the reduction in the difference between FI 1 and FI 2 . Similar data were obtained in seven other cell pairs forming Cx43-EGFP/Cx45-CFP and Cx43-EGFP/ Cx45WT GJs. All collected data show that dye flux through Cx43/Cx45 heterotypic GJs can be modulated effectively by V j -gating. As seen in Fig. 3 , g j does not reach a zero level at positive V j steps. This is caused by the so called residual conductance resulting from the inability of the fast gating mechanism to close the GJ channel fully (22) . Earlier, we and others reported that GJ channels closed to the residual state become impermeable to AF 350 , Lucifer yellow (LY) and cAMP, while remaining permeable to small ions, major charge carriers for electrical cell-cell coupling (23, 24) . In concert with those reports, in Fig. 3 , J j,norm reached a zero level despite the fact that g j is still Ϸ5 nS. We did not calculate P ␥ for this experiment because an estimation of the numbers of functional channels can be under evaluated due to an effect of series resistance on g j measurements at high g j s (Ϸ60 nS) (25) . We evaluated P ␥ for Cx43/Cx45 heterotypic GJ channel from the experiments shown in Figs. 4 and 6 exhibiting relatively low g j s (see below).
What Is the Minimal Vj That Can Affect Dye Transfer? To answer this question, we examined the transfer of AF 350 by applying relatively small V j steps. Fig. 4 shows an experiment in which consecutive V j steps of Ϫ14, Ϫ9, ϩ9, Ϫ30, and Ϫ60 mV elicited V j -gating and modulation of P j (calculated using Eq. 2). During repeated V j ramps we assumed that V j ϭ 0 mV, and P j was calculated using Eq. 3. In this experiment, we used cells expressing Cx45WT (see diagram) instead of Cx45-CFP to show that CFP does not change the asymmetry of P j -V j dependencies. Repeated Ϯ10 mV V j ramps were applied in between V j steps to measure g j , which was Ϸ14 nS. After Ϸ330 s, V j ramps were not applied for Ϸ30 s to verify that they did not change P j (see gray square on P j trace). During these 30 s we calculated P j using Eq. 3. During all consecutive V j steps of negative polarity (Ϫ14, Ϫ9, Ϫ30, and Ϫ60 mV), g j decreased but some residual conductance still remained with g j s of Ϸ4, 8, 2, and 0.3 nS, respectively. At the same time, P j decreased Ϸ80, 55, 95 and 100%, respectively. During a V j step of ϩ9 mV, g j and P j increased Ϸ30%. From P j and g j measurements at the beginning of the record and assuming that for Cx43/Cx45 channel ␥ ϭ 55 pS (7), we found that P ␥,Cx43/Cx45 ϭ P j (␥/g j ) ϭ Ϸ15 ϫ 10 Ϫ15 cm 3 /s, which is in good agreement with earlier estimates of P ␥,Cx43/Cx45 at V j Ϸ0 mV (20) .
Thus, our data show that in Cx43/Cx45 junctions, V j s as low as ϷϮ10 mV can substantially modulate transfer of metabolites comparable in size with the dyes used (Ϸ400 Da). This modulation of charged molecules can be amplified or reduced depending on whether V j -gating and ionophoresis act synergistically or antagonistically. If a Cx43-expressing cell is loaded with AF 350 and subjected to positive or negative V j steps up to Ϸ30 mV, then g j should be reduced or increased and V j should decelerate or accelerate transfer of AF 350 , respectively. Thus, at both V j polarities, V j -gating and ionophoresis should act on dye transfer synergistically. On the contrary, if a Cx45-expressing cell is loaded with AF 350 , then V j -gating and ionophoresis should affect dye transfer antagonistically. Data summarized from 24 cell pairs in Fig. 5 show the synergistic and antagonistic normalized J j -V j dependencies observed when cells expressing Cx43 or Cx45, respectively, were loaded with AF 350 ; data were normalized in respect to J j at V j Ϸ0 mV. Red (synergistic) and gray (antagonistic) circles indicate experimental data in which V j steps of negative or positive polarity were applied to either cell of the pair. Red and gray curves show fitting of the data encompassed in the yellow square and shown in red and gray circles, respectively, to a sigmoidal formula, J j ϭ a/(1ϩexp(-(V j -V o )/b)). The major goal of this fitting was to evaluate the difference in steepness of J j changes (⌬J j /⌬V j ) at V j s around V j ϭ 0 mV. We found that coefficient b determining ⌬J j /⌬V j was equal to Ϫ4.2 Ϯ 0.5 mV and Ϫ6.9 Ϯ 0.6 mV for synergistic and antagonistic J j -V j dependence, respectively. Consequently, on average, ⌬J j /⌬V j was equal to ϳϪ0.09 and Ϫ0.03 normalized units of J j per mV for synergistic and antagonistic dependencies, respectively. Therefore, V j s as small as Ϸ10 mV around V j ϭ 0 mV can cause substantial changes in J j and these changes are Ϸ3-fold bigger under synergistic versus antagonistic action of ionophoresis and V j -gating. In Fig. 5 , the black line shows the normalized g j -V j dependence averaged from five g j -V j plots. Synergistic J j -V j dependence was more whereas antagonistic one was less steep than g j -V j dependence at V j Ϸ0 mV.
Dye Transfer Modulation by Vj Steps Repeated with High Frequency.
Here, we examined whether dye transfer through heterotypic junctions can be modulated by series of V j pulses resembling bursts of action potentials (APs) similar to those shown in Fig.  1C . In these experiments, we used only positive pulses because APs generated by excitable cells are generally positive, and we examined P j during stimulation of either cell expressing Cx45 or Cx43. Fig. 6 shows recordings of voltage (V 1 and V 2 ) and FI (FI 1 and FI 2 ) and P j . Cell-1 expressing Cx45WT was loaded with AF 350 (see diagram). Initially, repeated small ramps were applied in cell-2 to measure g j , which was Ϸ3.5 nS. In response to repeated (50 Hz) pulses of 60 mV in amplitude and 10 ms in duration applied to cell-2, g j decayed and over a Ϸ4 s period reached a steady state of Ϸ0.2 nS. Subsequently, when a burst of pulses was applied to cell-1, g j increased to Ϸ6.5 nS followed by Data were normalized to J j at Vj ϭ 0 mV. Red (synergistic) and gray (antagonistic) circles indicate experimental data in which V j steps of negative or positive polarity were applied to either cell of the cell pair. Red and gray curves show fitting of the data encompassed in the yellow square and shown in red and gray circles, respectively, by a sigmoidal equation. Green (synergistic) and blue (antagonistic) filled circles indicate experimental data in which high frequency bursts of pulses of positive polarity were applied to either cell of the cell pair (V j was positive when the Cx43 cell was stimulated and negative when the Cx45 cell was stimulated, see Fig. 6 ). The data presented show that J j dependence on Vj in experiments with synergistic action of ionophoresis and V j-gating (red and green filled circles) is steeper around Vj ϭ 0 mV than in experiments with antagonistic action of ionophoresis and V j-gating (gray and blue filled circles). The black line shows normalized g j-Vj plot, averaged from five experiments. decay over Ϸ5 s to Ϸ5.5 nS, suggesting that more GJ channels were open during this period of stimulation. To find P p , cells were fully uncoupled with a short application of CO 2 . During small V j ramps, P j was calculated using Eq. 3. During V j pulses, P j was calculated using Eq. 2. Assuming a linear relationship between P j and g j (P j ϭ P j,0 (g j /g j,0 ), were g j,0 is the conductance at control conditions), then by examining P j s at different V j s, we found that P j increases 1.9-fold at V j ϭ 21 mV, i.e., Ϸ35% of 60 mV pulses (see P j s shown in filled circles).
Single channel permeability estimates in this experiment using the same procedure as we did for data shown in Fig. 4 resulted to P ␥,Cx43/Cx45 ϭ Ϸ14 ϫ 10 Ϫ15 cm 3 /s, which is close to values obtained from Fig. 4 and reported earlier for V j Ϸ0 mV (20) .
Thus, high frequency stimulation of the Cx43-EGFP expressing cell blocked AF 350 transfer whereas stimulation of the Cx45 expressing cell increased both g j and P j equally if V j was equal 35% of the amplitude of pulses. Green (synergistic) and blue (antagonistic) circles in Fig. 5 indicate experimental data in which a high frequency burst of pulses of positive polarity were applied to either cell of the cell pair (V j positive when Cx43 cell was stimulated and v.v.). Data shown in green and blue circles were not included in the fitting process but, in general, they show that application of V j steps or high frequency bursts of pulses result in similar effects on J j .
In summary, these data show that dye transfer of AF 350 in Cx43/Cx45 GJs can be enhanced or reduced depending whether APs first arrive in the cell expressing Cx43 or Cx45. Similar data were obtained in five other Cx43/Cx45 cell pairs by using AF 350 . Comparable results were obtained in Cx43-EGFP/Cx45-CFP cell pairs using LY instead of AF 350 (Fig. S1 ).
Discussion
We have demonstrated that V j can increase or fully block cell-cell transfer of dye molecules comparable in size and net charge with many metabolites and signaling molecules indicating that the data apply to metabolic cell-cell communication and intercellular signaling. We found that V j steps as small as Ϸ10 mV as well as series of pulses of high frequency resembling bursts of APs can modulate to a large extent metabolic communication through GJs exhibiting V j -gating asymmetry.
Transfer of charged molecules is affected by ionophoresis and V j -gating. Ionophoresis affects cell-cell transfer of charged metabolites independent of connexin type and whether GJ channels are homotypic, heterotypic or heteromeric. Our data show that the modified GHK equation used predicts P ␥ for negatively charged AF 350 at V j s up to at least ϷϮ20 mV (Fig. 2) . This may not necessarily be true for larger molecules or higher V j s due to: (i) breakdown of ionic independence, (ii) electrostatic interaction with the channel's wall, etc.
For a long time, scientists working in the gap junction field have been asking, why there is a need for voltage-dependent gating of connexins expressed in non-excitable tissues such as hepatocytes, astrocytes and epithelial cells. Although these cells do not generate action potentials that can lead to large V j s between adjacent cells and trigger V j -gating, we demonstrate that even relatively small differences in the resting potential between adjacent cells (Ϸ10 mV) can substantially modulate transfer of metabolites and this effect is augmented in heterotypic gap junctions. Can such V j s be physiologically relevant? The resting potential (V R ) varies among different cell types in broad ranges exceeding tens of mV under normal conditions, and even more under pathological conditions when cells lose their electrochemical gradients. It has been shown that astrocytes, which are well coupled through gap junctions, exhibit a wide range of V R s from Ϫ22 to Ϫ82 mV, and exhibit spontaneous changes of their V R s under different physiological conditions (26) . Numerous studies have shown that hypoxia, ischemia, hyperkalemia or similar conditions that damage energetic and ionic homeostasis result in alteration of V R s. Depending upon the severity of ischemic or hypoxic conditions, changes in V R can be far greater than 10 mV (27) . Thus, even in cells that have the same V R under normal conditions, changes in their network profile or local ischemia can form differences in V R (⌬V R ) and consequently modulate metabolic communication by ionophoresis in all types of GJs and, in addition, by V j -gating if cells are coupled through heterotypic GJs. It is important to note that actual ⌬V R depend on the intrinsic V R s of communicating cells, coupling strength and their input resistance. We assume that ⌬V R s even Ͻ10 mV can be effective because they can be long-lasting. If ⌬V R were positioned on a g j -V j plot of Cx43/Cx45 heterotypic junction as the working point (WP), then changing ⌬V R would move the WP along the V j axis and cause substantial changes in g j and J j (see Fig. S2 ).
As reported, GJ channels operated by the fast gating mechanism close to the residual state that remains permeant for small ions but restricts permeation of more complex molecules such as AF 350 , LY and cAMP (22, 24) . Therefore, P j -V j dependence can exhibit even higher asymmetry than g j -V j dependence and V j can modulate metabolic communication more effectively than g j . This asymmetry can be enhanced by synergistic action of ionophoresis and V j -gating (Fig. 5) to the degree that ⌬V R s as small as 5-10 mV can substantially modulate metabolic communication. traces show dynamics of dye fluorescence in cell-1 and cell-2, respectively. The P j trace shows the total junctional permeability. On average, at Vj ϭ 0 mV, Pj ϭ Ϸ9.9 ϫ 10 Ϫ13 cm 3 /s (gray line). During series of pulses, Pj was calculated using Eq. 2 at V j ϭ 21 mV, i.e., Ϸ35% of 60 mV pulses. CO2 application (horizontal bar) was used to block GJs and calculate P p. ⌬ indicates moment of patch opening in cell-1.
For more details about theoretically predicted changes of J j , versus V j see SI Appendix and Fig. S3 . V j -gating under physiological conditions can also take place in electrically excitable tissues during the spread of excitation. It was shown that V j arising on the front of excitation spread can dynamically reduce g j and may play a role in the development of cardiac arrhythmias (28) . Electrical activity during cardiac arrhythmias resembles bursts of APs similar to those in Fig. 1C that may cause profound changes of g j and P j . Similar instances can occur between neurons that express or coexpress mCx30.2, Cx36 and Cx45 (14) . Dynamic changes in g j can also occur when only one of the coupled cells is excitable, as at GJs between neurons and astrocytes, between endothelium and smooth muscle cells in blood vessels, etc. All these systems coexpress Cx45 in parallel with Cx31, Cx36, Cx40, Cx43 and/or Cx47 that can form heterotypic junctions exhibiting V j -gating asymmetry. In the heart, fibroblasts that are not excitable express Cx45 (29) and are coupled with cardiomyocytes preferentially expressing Cx43. Fibroblasts, exhibiting relatively small V R , will be more depolarized than cardiomyocytes during the repolarisation phase. Thus, most of Cx43/Cx45 GJs should open and cells should be able to exchange metabolites. During APs when the membrane potential of cardiomyocytes becomes positive, Cx43/Cx45 channels should close resulting in the reduction of g j , P j and the ''sink'' effect of the fibroblasts' network on the excitation of cardiomyocytes thereby enhancing the safety factor for the spread of excitation in the syncytial network of cardiomyocytes. During the rest of the cardiac cycle, g j should increase to a degree that fibroblasts may help cardiomyocytes to restore their energetic and ionic balance.
In summary, we demonstrate that long-lasting V j s of small amplitude or series of V j pulses resembling bursts of APs can modulate dye transfer with high efficacy suggesting that heterotypic GJs may act as voltage-dependent regulatory valves for intercellular signaling. Movie S1 demonstrates modulation of dye transfer by voltage steps over 20 min of time-lapse imaging. The regulation of metabolic communication and intercellular signaling by V j can play a crucial role in many aspects of normal physiology, embryonic development, and tissue regeneration. In addition, the role of GJs can be substantially enhanced under pathological conditions when intercellular gradients of nutrients and signaling molecules are increased. Thus, we describe a general phenomenon of the modulation of intercellular electrical and chemical signaling by voltage that may have a broad impact on cellular and tissue function.
Methods
SI Appendix includes details of the experimental procedures and equations. Experiments were performed on HeLa cells transfected with wild type Cx43 and Cx45 and their fusion forms with color variants of green fluorescent proteins (EGFP or CFP) tagged to the C terminus. Junctional conductance (g j) was measured using the dual whole-cell voltage clamp method (9) . For dye transfer studies, a given fluorescent dye was introduced into cell-1 of a cell pair through a patch pipette in whole-cell voltage clamp mode and the fluorescence intensity of dye was measured in cell-1 and cell-2. Dyes used include (molecular mass of the fluorescent ion, valence): Alexa Fluor-350 (AF 350 ) (326, Ϫ1) and Lucifer yellow (LY) (443, Ϫ2) (Invitrogen, Eugene, OR). For calculation of the total junctional permeability (P j) we used the Goldman-Hodgkin-Katz (GHK) equation (21) already used earlier for P j studies by Verselis et al. (2) . We modified this equation allowing for P j evaluation during combined fluorescence imaging and g j recordings when there is constant dye leakage from cell-2 to the patch pipette-2.
